2؉ ATPase isoform 3 (SERCA3) is one of two Ca 2؉ pumps serving intracellular Ca 2؉ signaling pools in non-muscle tissues; however, unlike the ubiquitous SERCA2b, it exhibits a restricted cell-type distribution. Gene targeting was used to generate a mouse with a null mutation in the SERCA3 gene. Homozygous mutant mice were viable, fertile, and did not exhibit an overt disease phenotype. Because SERCA3 is expressed in arterial endothelial cells, aortic ring preparations were analyzed to determine whether it is involved in the regulation of vascular tone. Contraction-isometric force relations in response to phenylephrine or KCl, as well as relaxation produced by exposure to a nitric oxide donor, were similar in wild-type and null mutant aortas. Acetylcholine-induced endotheliumdependent relaxation of aortas after precontraction with phenylephrine was significantly reduced in homozygous mutants (61.3 ؎ 5.6% in wild type, 35.4 ؎ 7.3% in mutants). Ca 2؉ imaging of cultured aortic endothelial cells demonstrated that the acetylcholine-induced intracellular Ca 2؉ signal is sharply diminished in SERCA3-deficient cells and also indicated that replenishment of the acetylcholine-responsive Ca 2؉ stores is severely impaired. These results indicate that SERCA3 plays a critical role in endothelial cell Ca 2؉ signaling events involved in nitric oxide-mediated relaxation of vascular smooth muscle.
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SERCA3
1 is a member of a family of Ca 2ϩ pumps expressed in sarcoplasmic and endoplasmic reticulum of mammalian tissues (1) (2) (3) . SERCA pumps are encoded by three distinct genes and belong to the P-type superfamily of ion transport ATPases (reviewed in Ref. 4) . SERCA1 is restricted to fast-twitch skeletal muscle (5) (6) (7) , and SERCA2a is expressed primarily in cardiac and slow-twitch skeletal muscle (1, 7, 8) . By clearing Ca 2ϩ from the cytosol, these sarcoplasmic reticulum Ca 2ϩ pumps mediate muscle relaxation and replenish Ca 2ϩ stores needed for excitation/contraction coupling. Non-muscle tissues contain thapsigargin-sensitive (9) endoplasmic reticulum Ca 2ϩ pumps (1, 10) that perform functions analogous to those of sarcoplasmic reticulum Ca 2ϩ pumps in that they control cytosolic Ca 2ϩ levels and sequester Ca 2ϩ in organelles from which it can be released by various agonists (4) . These include both SERCA3 and the ubiquitous SERCA2b, an alternatively spliced C-terminal variant of the SERCA2 gene (11) (12) (13) . SERCA2b is also the major intracellular Ca 2ϩ pump of most smooth muscles (14) .
The tissue distribution and cell-type specificity of SERCA3, unlike that of SERCA2b, is quite limited (1, 10) . It is expressed in endothelial cells, in epithelial cells of trachea, intestine, and salivary glands, and in platelets, mast cells, and lymphocytes (10, (15) (16) (17) (18) . Each of the cell types in which SERCA3 is expressed also contains SERCA2b. In salivary gland acinar and duct cells, SERCA3 is localized at the basal pole, whereas SERCA2b is localized at the luminal pole (18) . SERCA3 has a lower Ca 2ϩ affinity, a higher sensitivity to vanadate, and a higher pH optimum than SERCA2b (19) . The unusual biochemical characteristics and restricted cell-type distribution of SERCA3, and the prominence of Ca 2ϩ signaling in the cell types in which it is expressed, suggest that it might play a role in specialized signaling functions, such as those involved in the regulation of vascular tone (15, 16) . To test this hypothesis, we prepared a SERCA3-deficient mouse and analyzed contraction and relaxation of aortic ring preparations, as well as Ca 2ϩ signaling in aortic endothelial cells. The results suggest that SERCA3 plays an important role in the Ca 2ϩ signaling mechanisms that mediate endothelium-dependent relaxation of vascular smooth muscle.
EXPERIMENTAL PROCEDURES
Preparation of Targeting Construct-A phage clone containing part of the mouse SERCA3 gene was isolated from a strain 129/SvJ genomic library and partially characterized by restriction mapping, Southern blot hybridization, and DNA sequence analysis. The region analyzed included exons that correspond to exons 3-9 of the rabbit SERCA1 gene (20) , which encode amino acids 46 -365. In over 250 codons sequenced, only a single conservative amino acid substitution was observed in the mouse sequence relative to that of rat SERCA3, thereby confirming the identity of the gene. The targeting vector, pMJKO (a gift of Dr. Steven Potter), contained both the neomycin resistance gene and HSV-tk gene.
Digestion of the SERCA3 genomic clone with BamHI yielded a 2-kb fragment extending from a BamHI site in intron 2 to a BamHI site at codon 139 in exon 5 and a 3-kb fragment extending from the BamHI site in exon 5 to a BamHI site at codon 286 in exon 8. The 2-kb fragment was blunt-end ligated into a blunt-ended XhoI site in the vector between the 3Ј-end of the neo gene and the 5Ј-end of HSV-tk gene, and the 3-kb fragment was ligated into a BamHI site in the vector immediately 5Ј of the neo gene.
Gene Targeting and Generation of Mutant Animals-The construct was linearized at a NotI site in the vector and transfected by electroporation into ES cells. 1 day after electroporation, cells were exposed to G418 at 450 g/ml, and the concentration was reduced to 250 g/ml 24 h later to select cells containing the neo gene. After 2 days, 2 M gancyclovir was added to the medium and continued for 3 days to select cells lacking the HSV-tk gene. Clones resistant to both drugs were picked and expanded 10 days after electroporation. DNA from G418-and gancyclovir-resistant ES cells was digested with EcoRI and analyzed by Southern hybridization using a 530-bp BamHI fragment from the region 3Ј to the fragments used to prepare the construct. Homologous recombination was verified by Southern blot analysis of HindIIIdigested DNA using a probe spanning the region from exon 4 through exon 5. Three ES cell lines containing the disrupted SERCA3 gene were used for blastocyst-mediated transgenesis. The resulting chimeric mice were mated to Black Swiss mice, and tail DNA from offspring with the ES cell-derived agouti coat color were analyzed by Southern blot hybridization.
Northern Blot Analysis-Total RNA was isolated from various tissues using Tri-Reagent (Molecular Research Center, Inc., Cincinnati, OH), denatured in glyoxal, separated by electrophoresis, and transferred to a nylon membrane. Hybridization with 32 P-labeled probes and washes were performed by the method of Church and Gilbert (21) . The SERCA3 probe was a PCR fragment that spanned nucleotides 2773-3385 of the rat SERCA3 cDNA (1). The mouse eNOS probe was prepared by RT-PCR of mouse lung RNA using primers from human (22) and bovine (23) eNOS cDNAs (5Ј-GGC ATC ACC AGG AAG AAG AC-3Ј, corresponding to bovine codons 491-497; 5Ј-CG CCA AGA GGA-CAC CAG T-3Ј, complementary to bovine codons 623-629). Equivalent loading of RNA was confirmed by hybridization with a mouse ␤-actin probe.
RT-PCR Analysis of SERCA3 mRNA-First strand cDNA was prepared using 1-4 g of total RNA from mutant or wild-type lung, colon, and heart, oligo(dT) primers, and Superscript II RNase H Ϫ reverse transcriptase (Life Technologies, Inc.). Primers for PCR amplification of cDNA were from the 5Ј-end of exon 4 (corresponding to codons 77-83) and from the 3Ј-end of exon 6 (complementary to codons 175-181). PCR products were separated by agarose gel electrophoresis, stained with ethidium bromide, and then isolated, subcloned, and sequenced.
Analysis of Wild-type and Mutant SERCA3 in a Transient Expression System-A pBluescript subclone (24) containing the rat SERCA3 cDNA (1) was used to prepare the mutant SERCA3 coding sequence. A fragment with a deletion of codons 127-154 was generated by PCR using the T7 primer and a primer, 5Ј-C AGC AGG TAC CTT GTC TCC CAC-CAT CTC AGG CTC ATA CTC C-3Ј, complementary to sequences beginning in codon 120 and ending in codon 162 but lacking codons 127-154. Since the amplified fragment included a SmaI site at codon 33 and a KpnI site at codon 159 that was located just 3Ј to the deletion, a SmaI-KpnI fragment was removed from it and used to replace the corresponding region of the wild-type sequence in the pBluescript subclone. The coding region was inserted into the pMT2 expression vector (a generous gift from Dr. R. J. Kaufman), which was used for expression of both wild-type and mutant rat SERCA3 cDNAs. The methods used for transfection of HEK-293 cells, isolation of microsomes 48 -72 h after transfection, and analysis of Ca 2ϩ uptake into microsomal vesicles were the same as those described previously (25) . Northern blot analysis was performed using total RNA isolated from transfected cells and a rat SERCA3 cDNA (1) probe. Western blot analysis of microsomes and whole cell lysates from transfected cells was performed as described previously (1) using the polyclonal antibody C4 directed against an N-terminal fragment of rabbit SERCA2.
Histologic Survey of Organs and Thoracic Aortas-For the histology survey, brain, heart, lung, trachea, liver, spleen, kidney, stomach, large intestine, thymus, thyroid, pituitary, salivary gland, and quadriceps muscle were taken from two 7-week-old and three 3-month-old SERCA3 Ϫ/Ϫ and SERCA3 ϩ/ϩ mice, fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 5 m, stained with hematoxylin and eosin, and analyzed by light microscopy. Aortas were dissected from ten SERCA3 Ϫ/Ϫ and six SERCA3 ϩ/ϩ mice, ranging in age from 8 weeks to 10 months, after perfusion fixation with 4% paraformaldehyde in PBS. The aortas were post-fixed in 1% osmium tetroxide, dehydrated in ethanol and propylene oxide, and embedded in Spurr's resin. 1-micron-thick cross-sections of the aorta were stained with toluidine blue for light microscopy or stained with uranyl acetate and lead citrate for examination of endothelial cells by electron microscopy. Morphometric measurements were obtained at the following magnifications: aortic diameter (smallest diameter), 80ϫ; aortic wall (tunica media) thickness and adventitial thickness, 500ϫ; and number of endothelial cells and smooth muscle nuclei over a distance of 1500 m, 1250ϫ. The data were analyzed using the general linear model of statistical analysis systems.
Aortic Ring Preparations and Force Measurements-Force measurements were carried out as described previously (26) . Segments of thoracic aorta, 5 mm in length, from 11-16-week-old SERCA3 ϩ/ϩ and SERCA3 Ϫ/Ϫ sibling mice were mounted on stainless steel wires, placed in a bath of bicarbonate-buffered physiological saline (118 mM NaCl, 4.73 mM KCl, 1.2 mM MgSO 4 , 0.026 mM EDTA, 1.2 mM KH 2 PO 4 , 2.5 mM CaCl 2 , 11 mM glucose, and 25 mM NaH 2 CO 3 ; pH when bubbled with 95% O 2 , 5% CO 2 was 7.4 at 37°C), and connected to a Harvard apparatus differential capacitor force transducer. In experiments requiring de-endothelialized vessels, the endothelium was removed by gently rubbing the ring between the thumb and forefinger. For each aorta, resting tension was set to 25-30 mN to approximate an in vivo pressure of 100 mm Hg. Data were recorded using BIOPAC digital acquisition and analyzed using AcqKnowledge Software, and results are expressed as mean Ϯ S.E. Concentration-response curves were generated to the contractile agents KCl and phenylephrine. Following precontraction with 2-5 M phenylephrine, which yielded 80 -90% maximum contraction, relaxation curves were generated in response to ACh and the NO donor, sodium nitroprusside. Percent relaxation was calculated based on the sustained phase of relaxation. Statistical analyses were performed by two-way repeated measures analysis of variance using Sigma Stat software (Jandel Scientific).
Blood Pressure Measurements-Blood pressure was recorded in unanesthetized adult SERCA3 ϩ/ϩ and SERCA3 Ϫ/Ϫ mice (n ϭ 5 for each genotype) by the tail-cuff procedure described by Krege et al. (27) using a Visitech Systems (Apex, North Carolina) computerized tail-cuff apparatus. After a 5-day training period to allow the mice to become accustomed to the device, daily blood pressure measurements were recorded over a period of 14 days. Intra-arterial blood pressure measurements in adult mice (five SERCA3 ϩ/ϩ and four SERCA3 Ϫ/Ϫ ) were obtained by catheterization of the femoral artery under inactin anesthesia as described previously (28) .
Preparation and Characterization of Aortic Endothelial Cell Cultures-Endothelial cells were isolated from adult SERCA3
ϩ/ϩ and SERCA3 Ϫ/Ϫ aortas by collagenase digestion, essentially as described earlier (29) . The descending thoracic aorta was placed into PBS containing 0.1% BSA, blood was flushed from the vessel, and each end was ligated with 5-0 silk suture. A solution of PBS containing 8 mg/ml collagenase B (Boehringer Mannheim) and 8 mg/ml BSA (eFAF grade, Sigma) was injected into the ligated vessel. The vessel was incubated at 37°C in BSA/PBS for 40 min. The ligated ends were then removed, the vessel was opened longitudinally, and loosely adhered cells were dislodged by repeated flushing with a pipette. The cells were collected by centrifugation, resuspended in Dulbecco's modified minimal essential medium containing 1 mg/ml glucose and 0.1% BSA, and plated onto glass coverslips coated with fibronectin. After 18 h at 37°C, sheets of 4 -20 endothelial cells had adhered and spread. To confirm that these sheets were composed of endothelial cells, separate coverslips were incubated with 10 g/ml 1,1Љ-dioctadecyl-3,3,3Ј,3Ј-tetramethyl-indocarbocyanine perchlorate-acetylated low density lipoprotein (Biomedical Technologies, Inc., Stoughton, MA) for 4 h at 37°C and then counterstained with 5 g/ml bis-benzamide to identify individual cells. Greater than 98% of the isolated cells were determined to be endothelial cells by their accumulation of the 1,1Љ-dioctadecyl-3,3,3Ј,3Ј-tetramethyl-indocarbocyanine perchlorate-acetylated low density lipoprotein fluorescent probe in intracellular membranes (30) .
Imaging of Intracellular Ca 2ϩ in Cultured Aortic Endothelial CellsCoverslips containing sheets of endothelial cells cultured for 18 h or less were washed and loaded for 60 min at 37°C with 2 mM fura-2 AM with 0.04% pluronic acid in Ca 2ϩ imaging buffer (140 mM NaCl, 4.5 mM KCl, 1.5 mM CaCl 2 , 1.0 mM MgCl 2 , 10 mM glucose, 5 mM Hepes, pH 7.4) (31) supplemented with 2% fetal bovine serum. Cells from four SERCA3 ϩ/ϩ and three SERCA3 Ϫ/Ϫ mice were imaged. Loaded cells were washed with fluorochrome-free Ca 2ϩ imaging buffer and incubated at room temperature for 30 min to allow hydrolysis of the fura-2 AM. Intracellular Ca 2ϩ responses for individual cells were analyzed using a Ca 2ϩ imaging system (Intracellular Imaging, Inc., Cincinnati OH) interfaced with an inverted microscope fitted with a Peltier temperature-con-trolled stage. The experiments were performed at 33°C in Ca 2ϩ imaging buffer. Endothelial cells were stimulated by adding an equal volume of a 2 ϫ ACh solution in Ca 2ϩ imaging buffer. After 100 s, ACh was washed out of the chamber to permit recovery of intracellular Ca 2ϩ stores, and ACh was again added. At the end of each experiment, the Ca 2ϩ ionophore, A23187, was added to a final concentration of 10 M to determine the maximum Ca 2ϩ response. The results for multiple cells are reported as mean Ϯ S.E. For statistical analysis, a single between factor or mixed two-factor analysis of variance was performed first. If the test of normality or equal variance within the test populations failed, a nonparametric Mean-Whitney rank sum test was performed, and the p value reported represents the significance of the differences in median values observed. Fig. 1 ) contained 5.0 kb of genomic sequence, with the neo gene disrupting exon 5, which encodes amino acids 109 -154. After electroporation of ES cells, 168 colonies survived positive-negative selection in G418 and gancyclovir. Southern blot analysis using a 3Ј-outside probe revealed that eight clones contained the unique 3.9-kb EcoRI fragment that was diagnostic of a targeted allele (left panel of Fig. 1B) , and homologous recombination was confirmed by the presence of a 6.0-kb HindIII fragment that hybridized with an internal probe (middle panel of Fig. 1B) . Blastocyst-mediated transgenesis yielded 14 male chimeric mice. These animals were bred with wild-type females, and Southern blot analysis of tail DNA samples from offspring with the ES cell-derived agouti coat color led to the identification of animals carrying the targeted allele. Matings of heterozygous animals produced wild-type, heterozygous, and homozygous mutant offspring, as demonstrated by Southern blot analysis of tail DNA (right panel of Fig. 1B) .
RESULTS

Generation of Mice with a Targeted Disruption of the SERCA3 Gene-The targeting construct (
Gross Phenotype of SERCA3-deficient Mice-Genotype analysis of 239 offspring of heterozygous matings yielded 69 (28.8%) wild-type, 114 (47.7%) heterozygous, and 56 (23.4%) homozygous mutant mice, which is almost identical to the normal 1:2:1 Mendelian ratio. Heterozygous and homozygous mutant mice seemed normal with respect to viability and growth and were indistinguishable from wild-type littermates in their gross appearance and behavior. Homozygous mutant male and female mice were fertile, and matings of homozygotes resulted in live births of healthy offspring.
Northern Blot and RT-PCR Analysis SERCA3 mRNANorthern blot analysis of RNA from colon and lung of mice of all three genotypes and from aorta of wild-type and homozygous mutant mice revealed the presence of an mRNA in SERCA3 Ϫ/Ϫ tissues that was slightly smaller in size than the wild-type mRNA (Fig. 2A) . The levels of the mutant mRNA were sharply reduced in SERCA3 Ϫ/Ϫ colon and lung, relative to wild-type levels, but were not reduced in SERCA3 Ϫ/Ϫ aorta. The basis for the slight difference in size between the mutant and wild-type mRNAs was determined by RT-PCR analysis. The sizes of the PCR products corresponding to the wild-type and mutant mRNAs were 314 and 230 bp, respectively (Fig.  2B) . Sequence analysis revealed that the last 84 nucleotides of exon 5 were excised from the mutant mRNA by the splicing of a cryptic donor site in exon 5 to the acceptor site of exon 6 (Fig.  2C ). The mutant mRNA had a 28-codon deletion corresponding 
tissues. B, RT-PCR analysis of SERCA3
ϩ/ϩ and SERCA3 Ϫ/Ϫ mRNAs. Left, 2% agarose gel of PCR products that were amplified using primers from exons 4 and 6. The 314-bp wild-type (ϩ/ϩ) and 230-bp mutant (Ϫ/Ϫ) products were derived by the splicing patterns diagrammed at right. C, sequence analysis of PCR products revealed that a cryptic donor site at codon 127 of the mutant mRNA was spliced to the acceptor site of exon 6, thereby deleting the neo gene and 84 nucleotides of coding sequence.
SERCA3 Gene Targeting
to amino acids 127-154, but the open reading frame was intact.
Expression of Mutant SERCA3 in HEK-293 Cells-To determine whether the mutant SERCA3 was capable of mediating Ca 2ϩ transport, the deletion mutant and wild-type SERCA3 were expressed transiently in HEK-293 cells, and Ca 2ϩ uptake activity was analyzed. A high level of Ca 2ϩ uptake was observed in microsomes from cells transfected with the wild-type construct, but only background levels of Ca 2ϩ uptake occurred in microsomes from cells transfected with the mutant construct (Fig. 3) . Northern blot analysis showed that SERCA3 mRNA was expressed at high levels in HEK-293 cells transfected with either the wild-type or mutant construct (upper inset panel of Fig. 3 ). Western blot analysis demonstrated that microsomes from cells expressing the wild-type SERCA3 mRNA contained high levels of the protein, but only the endogenous SERCA pump (presumably SERCA2b) was detected in microsomes from nontransfected cells and from cells expressing the mutant SERCA3 mRNA (lower inset panel of Fig. 3 ). Trace levels of an immunoreactive protein that was slightly smaller than the wild-type pump was detected in whole cell extracts of cells transfected with the mutant construct but not in extracts of control cells (data not shown), suggesting that the mutant SERCA3 is synthesized but is unstable and is not incorporated into microsomal membranes.
Histologic Analysis of SERCA3-deficient Mice-A survey of multiple organs revealed no obvious histopathology in SERCA3 Ϫ/Ϫ mice at 7 weeks and 3 months of age. While performing experiments with aortic rings, we identified a 14-weekold SERCA3 Ϫ/Ϫ mouse in which the aorta was stiff. Histological analysis revealed necrosis of the tunica media; however, in additional samples, this defect was not observed. Morphometric analysis of SERCA3 ϩ/ϩ and SERCA3 Ϫ/Ϫ aortas from mice ranging in age from 8 weeks to 10 months revealed no signifi- 
Endothelium-dependent Relaxation Is Reduced in Aortas of SERCA3
Ϫ/Ϫ Mice-Because SERCA3 is expressed in arterial endothelial cells (15, 16) , it seemed possible that it might play a role in the Ca 2ϩ signaling events that control NO-mediated regulation of vascular smooth muscle tone. To test this hypothesis, we first examined contractility of aortic rings from sibling SERCA3 ϩ/ϩ and SERCA3 Ϫ/Ϫ mice. In our initial experiments, concentration-isometric force relations were determined for phenylephrine and KCl. When exposed to either contractile agent, SERCA3 ϩ/ϩ and SERCA3 Ϫ/Ϫ aortas yielded similar dose-response curves (Fig. 4) . Although there was a trend toward greater sensitivity in the mutant aortas, the differences were not statistically significant. Exposure of SERCA3 Ϫ/Ϫ and SERCA3 ϩ/ϩ aortas, both with and without endothelium, to concentrations of phenylephrine and KCl that yield maximum contraction revealed no significant differences in maximum force per unit area (Table I) .
We next tested the hypothesis that SERCA3 plays a role in endothelium-dependent relaxation. As shown in the representative recordings of SERCA3 ϩ/ϩ and SERCA3 Ϫ/Ϫ aortas (Fig.  5A) , when aortic rings were first stimulated to 80 -90% of maximum contraction with phenylephrine, subsequent relaxation in response to increasing concentrations of ACh was reduced in the mutant aorta relative to that of the wild-type aorta. As shown in Fig. 5B , when eight pairs of aortas from sibling SERCA3 ϩ/ϩ and SERCA3 Ϫ/Ϫ mice were examined in this manner, with each pair of aortas analyzed simultaneously in the same bath, relaxation was reduced significantly in aortas of SERCA3 Ϫ/Ϫ mice compared with SERCA3 ϩ/ϩ mice (61.3 Ϯ 5.6% in SERCA3 ϩ/ϩ , 35.4 Ϯ 7.3% in SERCA3 Ϫ/Ϫ , p Ͻ 0.001). Aortas from three pairs of animals used for relaxation experiments were fixed in situ after organ bath experiments, and endothelial cell coverage of vessel rings was assessed. No differences between SERCA3 Ϫ/Ϫ and wild-type aortas were detected, indicating that the differences in relaxation were not due to increased loss of the endothelium in SERCA3 Ϫ/Ϫ aortas during handling.
Relaxation induced by the NO donor, sodium nitroprusside, was similar for wild-type and mutant aortas (Fig. 6, A and B) , indicating that the relaxation defect was not due to an inability of the smooth muscle to respond to NO. To verify that the vascular relaxation seen in these experiments is dependent upon the release of NO from the endothelium, aortas from SERCA3 ϩ/ϩ and SERCA3 Ϫ/Ϫ mice were contracted with phenylephrine and exposed to ACh in the presence of L-NNA, an inhibitor of NO synthesis. L-NNA fully inhibited relaxation in both SERCA3 ϩ/ϩ and SERCA3 Ϫ/Ϫ aortas (data not shown). Also, both wild-type and mutant aortas failed to respond to ACh when denuded of endothelium.
Blood Pressure in SERCA3 ϩ/ϩ and SERCA3 Ϫ/Ϫ Mice-The deficit in vascular relaxation raised the possibility that blood pressure might be elevated in SERCA3 Ϫ/Ϫ mice. However, when measured over a 2-week period by the tail-cuff method, systolic blood pressure of unanesthetized SERCA3 ϩ/ϩ and SERCA3 Ϫ/Ϫ mice was 127 Ϯ 7 and 118 Ϯ 2 mm Hg, respectively (Fig. 7) . When measured using a femoral artery catheter, mean arterial blood pressure of anesthetized SERCA3 ϩ/ϩ and SERCA3 Ϫ/Ϫ mice was 78 Ϯ 8 and 79 Ϯ 7 mm Hg, respectively. The differences in blood pressure were not statistically significant when measured by either procedure. There was a significant difference (p ϭ 0.043) in heart rates of awake animals when analyzed using the tail-cuff method (SERCA3 ϩ/ϩ , 708 Ϯ 18; SERCA3 Ϫ/Ϫ , 641 Ϯ 22) but not when measured in anesthetized mice using a femoral artery catheter (SERCA3 ϩ/ϩ , 414
Imaging Analysis of Cultured Aortic Endothelial Cells-The relaxation deficit in isolated aortas is consistent with a reduction in the ability of SERCA3 Ϫ/Ϫ endothelium to generate normal amounts of NO upon agonist stimulation. Northern blot analysis demonstrated that eNOS mRNA levels are similar in wild-type and SERCA3 Ϫ/Ϫ aortas (Fig. 8) , suggesting that the deficit is not due to down-regulation of eNOS. Although a decrease in eNOS protein or activity remains a possibility, a more likely explanation for the deficit is that the Ca 2ϩ signaling mechanisms that activate eNOS are impaired. To test this hypothesis, we analyzed aortic endothelial cells to determine whether the mutation affects acetylcholine-induced increases in intracellular Ca 2ϩ . Aortic endothelial cells were cultured for 18 h or less in serum-free medium to minimize down-regulation of muscarinic ACh receptors and loaded with fura-2 AM; then, alterations in intracellular Ca 2ϩ in response to 10 M ACh were analyzed. Base-line 340/380 fluorescence ratios were 1.14 Ϯ 0.03 in wildtype cells (n ϭ 42) and 1. Ϫ/Ϫ cells gave a response of this magnitude. To examine the ability of endothelial cells to replenish intracellular Ca 2ϩ stores, ACh was removed by perfusion of the imaging chamber with buffer containing Ca 2ϩ for 10 min, which has been shown to be sufficient for replenishment of Ca 2ϩ stores in rabbit aortic endothelial cells (32) . As shown in Fig. 9 , wild-type cells were capable of a second ACh-induced Ca 2ϩ response; however, this second ACh response was minimal to absent in SERCA3 Ϫ/Ϫ cells (increase over initial baseline ratio: SERCA3 ϩ/ϩ , 0.78 Ϯ 0.11, n ϭ 36; SERCA3 Ϫ/Ϫ , 0.09 Ϯ .03, n ϭ 21; p Ͻ 0.001).
DISCUSSION
Despite the extensive information about the distribution and biochemical characteristics of SERCA3 (reviewed in Ref. 3) , its cellular and physiological functions and how these functions might differ from those of SERCA2b are unknown. SERCA2b is generally regarded as an essential housekeeping Ca 2ϩ pump. Although its functions are undoubtedly more complex than such a designation might suggest, this classification seems reasonable because the maintenance of intracellular Ca 2ϩ stores and control of cytosolic Ca 2ϩ concentrations are probably essential in all cells, and in many cell types SERCA2b is the only endoplasmic reticulum Ca 2ϩ pump. In contrast, SERCA3 has a restricted distribution and has not been identified in any cell types that do not also express SERCA2b. Moreover, its low apparent Ca 2ϩ affinity, when compared with SERCA1 or SERCA2 (19, 24) suggests that it has a unique function or that it is located in a unique compartment. In many of the cell types in which SERCA3 is expressed, Ca 2ϩ signaling pathways are involved in transducing a broad array of extracellular signals to bring about an appropriate physiological state. This suggests that SERCA3 might function in Ca 2ϩ signaling processes that serve physiological needs at the organ and whole animal levels rather than functioning in Ca 2ϩ homeostatic processes required for cell viability.
To develop a SERCA3-deficient mouse model, we used a targeting construct in which exon 5 had been disrupted by insertion of the neo gene at codon 139. We anticipated that this would cause the excision of exon 5 or inclusion of the neo gene in the mutant mRNA, either of which would introduce a frameshift early in the coding sequence. However, PCR analysis revealed that a cryptic donor site in exon 5 was spliced to the acceptor site of exon 6, thereby deleting codons 127-154 but leaving the open reading frame intact. The region deleted encodes several strands of a putative antiparallel ␤-strand domain present in all P-type ATPases. Previous analyses re- vealed that mutations in residues in and around this region of SERCA1 disrupt function or stability of the protein (33) (34) (35) . Nevertheless, to validate the knockout model, it was important to test directly whether the mutant mRNA could yield a functional pump. When wild-type and mutant SERCA3 mRNAs were expressed transiently in HEK-293 cells, the wild-type enzyme was heavily overexpressed in microsomal membranes and conferred high levels of Ca 2ϩ uptake activity, but the mutant SERCA3 protein could not be detected in microsomal membranes, and no increase in Ca 2ϩ uptake was observed (Fig.  3) . On the basis of these data, we conclude that a functional Ca 2ϩ pump is not produced from the mutant mRNA. The lack of SERCA3 did not cause an overt disease phenotype or histopathology and, on the basis of the normal Mendelian ratios and absence of structural malformations, it did not seem to cause embryo lethality or to perturb embryonic development. The absence of an overt disease phenotype for SERCA3 is in contrast to SERCA1, as a recent study demonstrated that some cases of Brody disease, a human skeletal muscle disorder, are due to the loss of a functional SERCA1 (36) . Because SERCA3 is expressed in arterial endothelial cells, lymphocytes, and platelets, all of which play a role in the development of atherosclerosis (37), we anticipated the possibility that SERCA3 Ϫ/Ϫ mice might exhibit atherosclerotic lesions similar to those occurring in ApoE-deficient mice (38, 39) . However, no such lesions were observed in any of the animals examined, including the mouse with an apparently sporadic case of dissecting aorta. It will be of interest to determine whether a combined SERCA3/ApoE null mutant is either more or less prone to atherosclerosis, as it would indicate whether the Ca 2ϩ signaling processes in which SERCA3 is involved might have an impact on the progression or severity of this disease.
The most striking observation was that ACh-induced relaxation of SERCA3 Ϫ/Ϫ aortas was impaired relative to SERCA3 ϩ/ϩ aortas (Fig. 5 ). Furchgott and Zawadzki (40) demonstrated that ACh-induced relaxation of aortic smooth muscle is dependent on the release of an endothelium-derived relaxing factor, which was later shown to be NO (41, 42) . NO synthesized in endothelial cells diffuses into the smooth muscle and causes relaxation via a cGMP-dependent mechanism (43, 44) . Relaxation of both SERCA3 ϩ/ϩ and SERCA3 Ϫ/Ϫ aortas was endothelium dependent, as indicated by the fact that ACh did not induce relaxation of aortas denuded of endothelium, and was mediated by NO, as the response was blocked by the NO synthase inhibitor L-NNA. The similar degree of relaxation of SERCA3 ϩ/ϩ and SERCA3 Ϫ/Ϫ aortas in response to sodium nitroprusside, an NO donor, demonstrated that the smooth muscle of SERCA3 Ϫ/Ϫ mice is capable of responding to NO. Histological analyses revealed no differences in endothelial cell coverage for SERCA3 ϩ/ϩ and SERCA3 Ϫ/Ϫ aortas, and, when aortas were analyzed after the experiments, there was no indication that the SERCA3 Ϫ/Ϫ endothelium was more susceptible to damage by mechanical abrasion than SERCA3 ϩ/ϩ endothelium. These results indicate that the loss of SERCA3 causes a defect in the signaling pathways that control NO-mediated relaxation of vascular smooth muscle.
The endothelial isoform of NO synthase is a Ca 2ϩ -calmodulin dependent enzyme (45) , and it is now clear that the increase in intracellular Ca 2ϩ that occurs when the endothelium is exposed to ACh is responsible for stimulating the synthesis of NO (46) . ACh-induced Ca 2ϩ signaling in aortic endothelial cells is known to involve the mobilization of intracellular Ca 2ϩ stores and Ca 2ϩ influx across the plasma membranes (47) . However, the relative roles of SERCA3 and SERCA2b in the maintenance of the ACh-responsive Ca 2ϩ stores has not been determined. ϩ/ϩ cells. Moreover, when cells were allowed to recover for 10 min in the absence of ACh and then exposed to a second application of ACh, the transient increase in intracellular Ca 2ϩ was easily detected in SERCA3 ϩ/ϩ cells but was virtually absent in SERCA3 Ϫ/Ϫ cells, suggesting that the replenishment of ACh-responsive Ca 2ϩ stores is impaired in endothelial cells that lack SERCA3. The simplest explanation for these observations is that SERCA3 plays a direct role in maintaining the ACh-responsive Ca 2ϩ stores in aortic endothelial cells and that SERCA2b provides little compensation for the deficit, at least in cultured endothelial cells. This implies that SERCA3 and SERCA2b, which have separate intracellular locations in salivary epithelial cells (18) , serve functionally distinct Ca 2ϩ pools in endothelial cells. It should be noted, however, that the deficit in the ACh-induced endothelial cell Ca 2ϩ transient was more profound than the relaxation deficit in aortic rings. Thus, there may be compensatory mechanisms in the intact tissue that are not present in the isolated endothelial cell.
In summary, we have demonstrated that the lack of SERCA3 does not cause developmental defects, histopathology, or an overt disease phenotype, but it does impair both endotheliumdependent relaxation of aortic smooth muscle and endothelial cell Ca 2ϩ signaling in response to ACh. This argues against the possibility that SERCA3 serves critical housekeeping functions for which the ubiquitous SERCA2b cannot provide adequate compensation. Instead, the data indicate that SERCA3 plays a unique role in Ca 2ϩ signaling processes that serve higher physiological functions. Precisely what those physiological functions might be remains unclear, as an in vivo deficit has not yet been identified in the SERCA3 Ϫ/Ϫ animal. Although basal blood pressure in SERCA3-deficient mice was not elevated, as observed in eNOS-deficient mice (48) , the absence of SERCA3 may not reduce basal levels of eNOS activity. Thus, some role in the regulation of arterial pressure and blood flow remains a strong possibility. Additional studies will be required to gain an understanding of the physiological role of this pump in arterial endothelium and the other tissues in which it is expressed.
